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Abstract 

Fatigue crack growth tests were conducted to characterize the 
performance of Inconel 718 and CRES 321 welds, weld heat-affect-zone 
and parent metal at room temperature laboratory air and liquid nitrogen 
(-196oC) environments.  The results of this study were required to predict 
the damage tolerance behavior of proposed orbiter main engine 
hydrogen fuel liner weld repairs.  Experimental results show that the 
room and cryogenic temperature fatigue crack growth characteristics of 
both alloys are not significantly degraded by the weld repair process.  
However, both Inconel 718 and CRES 321 exhibited lower apparent 
toughness within the weld repair region compared to the parent metal. 

Introduction 

Fatigue cracks were found during the inspection of orbiter main engine liquid hydrogen feed line flow 
liners.  The flow liner prevents turbulent flow in the flexible bellow joint region, shown in Figure 1a, as 
liquid hydrogen is pumped into the orbiter main engines.  A portion of the inside surface of the upstream 
and downstream flow liners and their slotted configuration is shown in Figure 1b.  The flow liner fatigue 
cracks initiated at the slots and propagated in either the longitudinal or radial directions.  Figure 2 is a 
photograph of a typical radial crack; here the radial crack propagated 0.3255 inch from the edge of the 
slot.  Small fatigue cracks were found in the flow liners of four orbiters containing either Inconel 718 or 
CRES 321 flow liners.  Refer to Table 1. 

Table 1. Orbiter Flow Liner Alloys 
 

Orbiter Flow Liner Alloy 

OV 102 CRES 321 

OV 103 Inconel 718 

OV 104 Inconel 718 

OV 105 Inconel 718 

 
Marshall Space Flight Center (MSFC) developed the flow liner weld repair process in which cracks 

are repaired by welding the crack faces together.  As part of the flow liner repair qualification, it was 
critical to understand the fatigue crack growth characteristics of the weld-repaired components relative to 
the original condition.  The aim of this study was to characterize and compare the fatigue crack growth 
properties of the MSFC weld repair and parent material at both cryogenic and room temperatures. 

Materials 

Inconel 718 (a nickel-base alloy) and CRES 321 (a stainless steel) flow liners are constructed from 
sheet material having a nominal thickness of 1.27 mm (0.050 inch).  Sheet products of each material, 
approximately 300 mm by 200 mm (12 inch by 8 inch), were provided by MSFC.  MSFC also supplied 
welded specimens that were produced by sectioning a sheet into two pieces (each approximately 300 mm 
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(a) (b) 

by 100 mm) and rejoining them using the same welding procedures developed for the weld repair of the 
orbiter flow liner. 

Figure 1.  (a) The liquid hydrogen line joint and the location of the flow liner. (b) The inside of the joint and the 
slotted flow liner configuration. 

 

 

Figure 2. A region of the flow liner inside surface and a typical radial crack found in a flow liner.  The crack 
initiated at a flow liner slot (left side of the photograph) and propagated to a length of 0.3255 inch. 

Prior to fatigue crack growth (FCG) testing, both Inconel 718 and CRES 321 weld samples were 
sectioned perpendicular to the weld and metallographically characterized to determine the configuration 
of the weld metal and heat-affected zone (HAZ).  Based on these data, FCG specimens were fabricated so 
that the fatigue crack growth characteristics of the entire weld region (weld metal, weld metal HAZ 
boundary, and HAZ) would be determined.  The cross-section was polished and etched to highlight the 
weld metal and HAZ regions, and micro-hardness measurements were obtained along the sheet mid-
thickness.  A micrograph of the weld cross-section and the corresponding hardness values for Inconel 718 
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are shown in Figure 3.  The weld metal appears as a dark region in the center of the micrograph.  The 
width of the weld metal is not constant through the sheet thickness; the weld metal is significantly wider 
at the top of the figure (approximately 3.8 mm) than at the bottom (approximately 2.7 mm).  The top of 
the weld shown in Figure 3 is the surface from which weld heat was applied.  The boundary between the 
HAZ and the base metal can be seen in the micrograph as a subtle texture change (in comparison to the 
weld/HAZ boundary), which corresponds to a significant change in hardness values approximately 3.8 
mm from either side of the weld center.  Based on the metallography and hardness results, fatigue crack 
growth test specimens were machined so that starter notches were placed at one of three locations: (1) the 
centerline of the weld, (2) the weld/HAZ boundary (offset 1.82 mm from the weld center), or (3) in the 
HAZ region (offset 2.84 mm from the weld center). 

 

Figure 3.  Micrographs and the corresponding hardness values for weld cross-sections of Inconel 718.  

A cross-sectional micrograph of a typical CRES 321 weld region, and the corresponding micro-
hardness data are shown in Figure 4.  The boundary between the weld metal and the HAZ can be seen as a 
texture change in the micrograph, but no boundary between the HAZ and base metal can be visually 
detected.  Unlike the Inconel 718 results, no significant change in hardness occurs across the weld region 
so the boundary between the HAZ and base metal cannot be determined.  Because the CRES 321 weld 
was approximately the same size as the Inconel 718 weld, it is assumed that the HAZ dimension would 
also be similar.  Therefore, crack starter notches for CRES 321 specimens are offset from the notch center 
by the same dimensions as the Inconel 718 specimens: (1) weld center, (2) 1.82 mm from the weld center, 
or (3) 2.84 mm from the weld center.  

Experimental Procedures 

Fatigue crack growth tests were performed using computer-controlled servo-hydraulic test machines in 
accordance with ASTM standard E647 (ref. 1).  Tests were performed in either a room-temperature (18–  

INCONEL 718 weld
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Figure 4.  Micrographs and the corresponding hardness values for weld cross-sections of CRES 321.  

24oC) laboratory air environment or submerged in liquid nitrogen at -196°C (-320°F).1  Compliance data 
were used to monitor crack length during tests, and loads were continuously adjusted to achieve 
programmed stress-intensity factors (ref. 2).  Eccentrically loaded single-edge notch tension (ESET) 
specimens of width W = 38.1 mm were fabricated in the longitudinal-transverse (L-T) sheet orientation 
(ref. 3).  Specimens were pin loaded as schematically shown in Figure 5.  It should be noted that 
compliance based crack length determinations were verified with visual crack length measurements taken 
to obtain the initial and final crack length values for each ambient and cryogenic test.  After each test, 
small adjustments (<2%) were made to the compliance-based data based on the visual crack length 
measurements.  

Two-fatigue crack growth rate (FCGR) test methods were used, a constant-Kmax and constant-stress-
ratio (R) test procedure (ref. 1).  The constant-R tests were only conducted in room temperature 
laboratory air because it required an excessive amount of time (30-45 days) to determine the near-
threshold FCGR characteristics.  Therefore, the majority of testing was conducted using the more rapid 
constant-Kmax procedure.  Because the preferred constant-Kmax test is a variable stress ratio (R) test and 
the near-threshold FCG regime is conducted at high R, crack closure effects are avoided and intrinsic 
(closure free) FCG data are produced.  Intrinsic crack growth data insures a direct comparison between 

                                                           
1 Data supplied by Johnson Space Center showed little difference in the fracture toughness of Inconel 718 at -196°C 

(-320°F) and the operating temperature of the liquid hydrogen fuel liners, -253°C (-423°F).  Based on the fracture 
toughness data, little difference in fatigue crack growth characteristics was expected between liquid nitrogen and 
hydrogen temperatures.  Therefore, FCG testing was conducted in liquid nitrogen at temperature, -196°C (-320°F). 

Cres 321 weld

Distance from weld center (mm)

-6 -4 -2 0 2 4 6

V
ic

ke
r's

 H
ar

dn
es

s (
20

0g
f)

140

150

160

170

180

190



 

 5

base metal and weld metal.2  The constant-Kmax test procedure is particularly important since crack 
closure can mask the true (intrinsic) fatigue crack growth characteristic of the material. 

Figure 5.  The locations of the crack starter notches are schematically shown: (a) at the weld center, (b) at the 
interface between the weld metal and HAZ, and (c) in the HAZ.  

The FCG specimens were machined from the welded sheets with the crack starter notches parallel to 
the weld.  Crack starter notches were cut in three locations – (1) the weld center, (2) the weld/HAZ 
boundary, and (3) within the HAZ – as shown schematically in Figure 5.  Welds are typically vulnerable 
to cracking within the heat-affected zone (HAZ) near the weld metal (ref. 6).  However, this 
generalization may not apply to the specific materials (Inconel 718 and CRES 321), sheet thickness (1.27 
mm), or test temperatures of interest.  Therefore, it was considered prudent to characterize the 
propagation of fatigue cracks at multiple places within the weld for each material. 

Following fatigue crack growth testing, specimens were loaded to failure to characterize the relative 
material toughness.  These toughness tests were not performed in accordance with standard procedures 
for fracture toughness (i.e., the ESET specimen is not an accepted specimen for fracture toughness 
testing, consequently constraints on a/W and thickness for this specimen have not been specified); 
therefore, specific fracture toughness values have not been determined.  However, these tests do permit a 
relative comparison to be made between toughness values of the weld metal and base metal specimens.   

Additional FCG specimens were machined from a welded Inconel 718 sheet with the weld oriented 
parallel to the loading axis to obtain FCGR data as the crack propagated normal to the welding direction.  
It was hoped that these test data would yield a variation in crack growth rate relative to the weld HAZ, the 

                                                           
2 Using closure-free near-threshold FCG data is preferable to correcting constant-R test FCG data for crack closure 

by calculating an effective crack-tip driving force.  Near-threshold FCG closure determinations are considered 
subjective and therefore near-threshold effective crack-tip stress intensity factor is inexact (refs. 4 and 5). 

Base metal

Weld metal

HAZ
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weld/HAZ boundary and weld metal; thus identifying regions of accelerated FCG.   However, cracks 
were deflected from the anticipated crack path before reaching the weld region, presumably due to 
residual stresses within the welded specimens, in both specimens tested.  A photograph of a deflected 
crack is shown in Figure 6.  Since a straight crack could not be achieved (crack growth normal to the 
weld) no further tests were performed with specimens having this weld orientation.  Discussions of weld 
residual stress effects are given later in this document. 

Figure 6. Photograph of a deflected crack in a specimen with anticipated crack path normal to weld. 

Fatigue Crack Growth Test Results 

Inconel 718 and CRES 321 fatigue crack growth test results are summarized in this section.  Testing 
was conducted to compare the FCG properties of parent metal and weld metal in room temperature 
laboratory air and liquid nitrogen environments. 

INCONEL 718 Results 

Room Temperature: The room temperature FCG data for Inconel 718 base metal are plotted in 
Figure 7a, including three constant-Kmax conditions (33.0 MPa√m, 66.0 MPa√m, and 132 MPa√m) and 
two constant-R conditions (0.1 and 0.5).  Constant-Kmax tests were started at relatively high ∆K values 
and ∆K was continuously reduced as the crack propagated (C = -787 m-1).  Constant-R data was obtained 
by starting tests in the Paris regime (10 MPa√m < ∆K < 20 MPa√m) and either decreasing (C = -78.7 m-1) 
or increasing (C = +197 m-1) ∆K as the crack propagated.  Inconel 718 does not appear to be sensitive to 
Kmax effects because no appreciable differences are seen between the three constant-Kmax data sets.  
Because constant-Kmax threshold data are not affected by crack closure, these results suggest that all 

Crack

Weld
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appreciable load ratio effects are related to crack closure, and that the constant-Kmax = 33.0 MPa√m data 
in Figure 7a represents the closure-free (intrinsic) crack growth behavior for ambient laboratory air.   

Figure 7.  (a) Base-metal room temperature FCG data are shown for Inconel 718.  (b) Constant-R = 0.5 data are 
comprised of two tests.  (c) Constant-R = 0.1 data are comprised of six tests. 
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Tests were repeated to ensure that the results of Figure 7a were reproducible.  It is especially important 
to show reproducibility for constant-R-decreasing-∆K test results because of the possibility of load 
history effects (ref. 7).  The constant-R = 0.5 and constant-R = 0.1 data shown in Figure 7a are actually 
comprised of multiple tests, each with a different load history and crack length.  The constant-R = 0.5 
data consists of two ∆K-decreasing tests (see Figure 7b).  The first test (8 MPa√m > ∆K > 5 MPa√m) and 
second test (6.5 MPa√m > ∆K > 4.1 MPa√m) are in good agreement with each other, suggesting that load 
history does not affect these data.  The constant-R = 0.1 data of Figure 7c consist of six individual tests 
(three with decreasing ∆K and three with increasing ∆K).  The excellent agreement between these sets of 
data, each with a different load history, suggests that load history does not influence these data.  Several 
constant-Kmax tests were also repeated (not shown here) with no appreciable differences noted between 
sets of data.  The excellent repeatability of these results strongly suggests that these data are a good 
measure of the material crack growth behavior and are not influenced by the test method.  

The room-temperature FCG data for the welded Inconel 718 specimens are plotted in Figure 8.  Tests 
were performed at constant-Kmax = 33.0 MPa√m for each of the three starter notch locations.  For 
comparison, the corresponding base-metal data from Figure 7a are also plotted.  Only constant-Kmax = 
33.0 MPa√m tests were conducted because the base-metal results showed no Kmax effect and the FCG 
threshold was reached without crack closure effects.  As seen in the figure, the welded specimens 
exhibited lower crack growth rates, da/dN, compared to the base metal. 

Figure 8.  Room temperature FCG data for welded Inconel 718 specimens are shown. 

Cryogenic Temperature: Cryogenic FCG data for Inconel 718 base metal are plotted in Figure 9.  
Due to the complex nature of performing FCG tests submerged in liquid nitrogen, cryogenic testing was 
kept to a minimum and only constant-Kmax = 33.0 MPa√m tests were performed.  This test was repeated 
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four times to evaluate the test equipment and to ensure repeatable results.  The first three tests were 
stopped prematurely due to suspected problems with the test equipment.  Equipment issues were resolved 
prior to the fourth test.  However, the good agreement between all four sets of data indicates that the first 
three tests were stopped before equipment problems affected the test data.  A comparison of the liquid 
nitrogen FCG data with the room temperature data (dashed line) in Figure 9 reveals lower FCG rates at 
cryogenic temperatures.  The FCG threshold is approximately 2 MPa√m and 4 MPa√m for room 
temperature and cryogenic temperature, respectively. 

Figure 9.  Cryogenic FCG data for Inconel 718 base metal are shown. 

The cryogenic FCG data for Inconel 718 welded specimens are compared in Figure 10.  As indicated 
previously, all cryogenic testing for this alloy was performed under constant-Kmax = 33.0 MPa√m 
conditions.  The corresponding base metal data from Figure 9 are plotted here for comparison.  Fatigue 
crack growth data are not shown for the weld metal because no fatigue crack growth occurred for ∆K ≤ 
15 MPa√m in three attempts.  A comparison of the base-metal data and the data for the HAZ and the 
weld/HAZ locations in Figure 10 reveals a lower da/dN for welded specimens compared to that observed 
in the base metal.  This trend is similar to that observed for room temperature air shown in Figure 8.  
Specifically, the weld specimen data exhibits a ∆Kth = 5 MPa√m, significantly higher than the base metal 
data showing a ∆Kth < 4 MPa√m.   

Inconel 718, Constant-Kmax = 33.0 MPa√m
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Figure 10.  Cryogenic FCG data are shown for welded Inconel 718 specimens. 

CRES 321 Test Results 

The following paragraphs summarize the fatigue crack growth data for welded and base metal CRES 
321 specimens. 

Room Temperature: The room temperature FCG data for the CRES 321 base metal are plotted in 
Figure 11.  Test data are shown for three constant-Kmax conditions (Kmax = 16.5 MPa√m, 33.0 MPa√m, 
and 49.5 MPa√m) and constant-R = 0.1.  Data for Kmax = 33.0 MPa√m and 49.5 MPa√m are in good 
agreement, but the Kmax = 16.5 MPa√m data show lower crack growth rates.  Because this test was started 
at R = 0.1 and ended at approximately R = 0.7, it is possible that these lower crack growth rates are a 
result of crack closure.  The R = 0.1 data show a similar slope, but with much lower crack growth rates 
than the other curves.  Both the R = 0.1 and Kmax = 16.5 MPa√m tests were interrupted before achieving 
near-threshold conditions. 

The room-temperature FCG data for the CRES 321 weld specimens are plotted in Figure 12 for 
constant-Kmax = 33.0 MPa√m.  Unlike the corresponding Inconel 718 data, the CRES 321 weld specimens 
exhibited slighter higher crack growth rates (less than a factor of 2) compared to the base metal at room 
temperature. 

Cryogenic Temperature: The cryogenic FCG data for the CRES 321 base metal are plotted in Figure 
13.  Two constant-Kmax conditions (Kmax = 16.5 MPa√m, and 33.0 MPa√m) were conducted.  Without 
knowledge of the cryogenic fracture toughness, it was initially feared that Kmax = 33.0 MPa√m might be 
approaching the fracture toughness and the resulting fatigue crack growth data might be a poor  
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Figure 11.  Room temperature FCG data for CRES 321 base metal are shown. 

Figure 12.  Room temperature FCG data for CRES 321 welded specimens. 
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Figure 13.  Cryogenic FCG data for CRES 321 base metal 

representation of intrinsic crack growth behavior in this alloy.  However, it is shown later that Kmax = 33.0 
MPa√m is less than 50% of the specimen apparent toughness at cryogenic temperature.  Note that lower 
crack growth rates were observed during the Kmax = 16.5 MPa√m test, likely because these data are 
affected by crack closure.  Crack closure is more likely to affect crack growth rates at low R.  During the 
Kmax = 16.5 MPa√m test, values of R ranged from approximately 0.1 to 0.7.  Normally, crack closure is 
not expected to occur at R > 0.5 unless crack-face roughness or oxides produce atypically high closure 
levels.  Constant-Kmax = 33.0 MPa√m data are used as a closure-free base line curve because they are not 
affected by crack closure and the value of Kmax was significantly less than the fracture toughness.  

Cryogenic FCG data for the CRES 321 weld specimens are plotted in Figure 14.  These data include 
two constant-Kmax conditions (Kmax = 33.0 MPa√m, and 16.5 MPa√m, shown in Figures 14a and 14b, 
respectively) for each of the three weld locations and base metal.  For Kmax = 33.0 MPa√m (Figure 14a), 
the fatigue crack growth data are in good agreement with the base metal results regardless of the location 
of the crack starter notch.  Here, the base metal crack growth rates are, on average, slightly less 
(approximately 25%) than for the welded specimens.  For Kmax = 16.5 MPa√m (Figure 14b), the base 
metal data show significantly lower crack growth rates (as much as a factor of 4 lower) relative to the 
welded specimens.  The exaggerated differences between base metal and weld metal specimens is 
believed to be caused by crack closure, which may affect the Kmax = 16.5 MPa√m data.  However, no 
additional testing was performed to confirm this.  The Kmax = 33.0 MPa√m is much less likely to be 
affected by crack closure and is therefore considered a better measure of the intrinsic (closure-free) crack 
growth behavior.  Thus, the fatigue crack growth rates for the base metal are slightly lower, but nearly the 
same, as for the welded specimens.  
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Figure 14.  Cryogenic FCG data of CRES 321 weld specimens; (a) Kmax = 33.0 MPa√m  (b) Kmax = 16.50 MPa√m. 
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Crack Roughness Characterization 

The results of Figures 8 and 10 showed decreasing crack growth rates in Inconel 718 as the crack 
notch location approached the center of the weld for both test temperatures.  For these tests, constant-Kmax 
= 33.0 MPa√m testing was performed to avoid crack closure issues at threshold, while keeping Kmax 
significantly below the toughness value.  No such trend was observed for CRES 321.  Closure levels 
determined from clip gage compliance data indicated no crack closure occurred during the constant-Kmax 
tests, however, it has been shown that such far-field compliance methods are not sensitive to near-crack-
tip closure events such as roughness-induced crack closure (ref. 5).  Therefore, it is possible that the 
decreasing crack growth rates in the weld metal are a product of roughness-induced crack closure.  
Further, the possibility that fuel-liner crack bifurcation might release a piece of metal into the flow of 
cryogenic fuel is a danger because it could cause pump damage.  Therefore, it was important to 
characterize crack roughness and the tendency for crack bifurcation to occur in both the base and weld 
metal.  Photographs of the crack profiles for Inconel 718 specimens are shown in Figures 15 and 16 for 
constant-Kmax = 33.0 MPa√m testing at cryogenic and room temperatures, respectively.   

Figure 15.  Photographs of crack profiles in Inconel 718 specimens testing at cryogenic temperature. 

At cryogenic temperature (-196oC), the crack roughness of the base metal (Figure 15a) and the HAZ 
(Figure 15b) appear to be similar; both cracks are nominally straight with little or no crack branching, and 
typical crack-wake asperities are on the order of 10-20 µm in height.  The severity of crack-wake 
roughness appears to be significantly greater at the HAZ/weld interface, as shown in Figure 15c, typical 
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asperity height is on the order of 40 µm), although no crack branching is observed.  Recall from the 
discussion of Figure 10 that no crack propagation occurred in the center of the weld for these loading 
conditions (Kmax = 33.0 MPa√m, ∆K ≤ 16.5 MPa√m).   

Figure 16.  Photographs of crack profiles in Inconel 718 specimens testing at ambient temperature. 

At room temperature, the crack wake for the base metal (Figure 16a) is nominally straight with little or 
no crack branching and with a typical asperity height of 10-20 µm.  In contrast, the crack-wake for the 
HAZ/weld interface (Figure 16b) appears to have a slightly higher degree of roughness (typical asperity 
height of 20-40 µm) and some crack branching is observed.  The tendency for crack branching is most 
prevalent in the weld center (Figure 16c).  On the right side of Figure 16c a crack branch appears to have 
nearly returned to the primary crack, potentially releasing a small (approximately 400 µm by 150 µm) 
piece of metal.  No three-dimensional characterization of this crack branching was done, but this two-
dimensional observation suggests that crack bifurcation could be a potential issue in the weld metal.  
Further, because the severity of crack-wake roughness tends to increase with decreasing distance from the 
weld center, it is possible that the reduced crack growth rates in the weld metal (recall Figures 8 and 10) 
could be a result of roughness-induced crack closure that far-field compliance methods are unable to 
resolve.  Although this scenario is considered unlikely, further study is needed to resolve this issue, and 
the initial assessment of superior intrinsic crack growth resistance for Inconel 718 welded material should 
be tempered.   
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Consideration of Residual Stresses 

It is known that the welding processes can introduce residual stress effects that influence fatigue crack 
growth rates.  Based on earlier discussions relative to Figure 6, it is presumed that the welded specimens 
studied here contain significant residual stresses.  Limited tests (Inconel 718 only) were conducted in an 
attempt to assess, but not quantify, the influence of residual stress on fatigue crack growth rates. 

Effects of Stress Relieving 

Stress relieving – holding the affected material at high temperature for a period of time – may offer a 
way to reduce the weld-induced residual stresses.  The intent of stress relieving is to reduce the residual 
stresses in the material without adversely affecting base metal properties.  To determine the effect of 
stress relief on base metal FCG rates, compact tension (CT) specimens were fabricated from the base 
metal and exposed to two stress relieving processes: either 4 hours at 704oC (1300oF) or 8 hours at 816oC 
(1500oF).  Constant-Kmax = 33.0 MPa√m FCG test data for the two stress-relieved base metal processes 
are plotted in Figure 17.  For comparison, FCG data (Kmax = 33.0 MPa√m) for the “as received” base 
metal are also plotted.  No significant differences are noted between the FCG data sets in Figure 17, 
indicating that the stress-relieving processes used here do not significantly influence the fatigue crack 
growth behavior of the base metal. A hardness survey was performed on the stress-relieved weld samples 
to determine if the stress-relieving process affects the weld material.  The results shown in Figure 18 
suggest a significant change in parent and weld metal properties.  Here, there is an increase in weld region 
hardness and reduction in parent metal hardness for the 8 hours at 816oC (1500oF) stress relief process.  
Even though little difference was noted between the stress-relieved and as-received parent metal FCG 
rates, the hardness survey strongly suggests that the stress relief process altered parent and weld  

Figure 17.  FCG data are shown for stress-relieved Inconel 718 base metal. 
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metal material properties.  No additional FCG tests were conducted on stress relieved weld specimens to 
quantify the residual stress effects because the stress relief process influences material properties. 

Figure 18.  Micro-hardness data of stress-relieved Inconel weld metal. 

Evaluation of Weld-induced Residual Stress 

An additional test was conducted to indirectly determine the magnitude of the weld-induced residual 
stresses normal to the crack plane.  For crack propagation along the weld line, the redistribution of 
residual stresses will likely cause specimen deformation that will be detected by back-face strain 
measurements.  The specimen configuration shown in Figure 19 depicts the test using an electro-
discharge-machining (EDM) plunge cutter to simulate the fatigue crack.  The EDM process cuts a thin, 
crack-like notch using a highly-localized-heating electric sparking process that limits the introduction of 
additional residual stresses.  As the EDM notch was cut along the HAZ/weld boundary in increments of 
approximately 1.9 mm (0.075 inch), back-face strain measurements were taken (refer to Figure 19b).  The 
notch length and corresponding back-face strain measurements were obtained after each EDM notch 
depth increment.  This process was repeated until the specimen was cut to a depth of approximately 33 
mm (1.3 inches) or an of a/W = 0.65.   

When the crack-like notch is produced, residual stresses near the notch are relieved and the internal 
stresses are redistributed to compensate for the change.  This results in strain changes at the specimen 
back-face.  Schindler (ref. 8) has developed a technique to experimentally determine residual stresses, 
which is used here.  According to Schindler, the stress intensity factor due to residual stresses is 
determined as, 
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Figure 19.  The compliance-cut procedure used to evaluate weld-line residual stresses is schematically depicted.    
(a) The specimen configuration prior to the test is shown.  (b) The specimen configuration after the test is shown.   

The deformations in (b) are exaggerated for clarity. 
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for a/W < 0.2 and, 

 ( )
( ) 5.1W

532.2Z
a

a
−

−
=  (2b) 

for 0.2 < a/W < 1.  Note that the procedure was developed for crack closure scenarios, and only considers 
residual stresses that result in opening mode (mode I) stress intensity states.  For this study the weld-
induced residual stresses are assumed to be primarily mode I in nature.  However, this assumption may 
not be strictly true, since the weld is not uniform through the sheet thickness, as shown in Figures 3 and 4.  

The results of Inconel 718 test are shown in Figure 20 as back-face strain versus EDM cut depth.  The 
back-face strain values increase in a near linear manner with increasing EDM cut depth.  Note that the 
strain values are positive, meaning that the specimen deforms as depicted in Figure 19b and the residual 
stresses normal to the EDM cut are compressive.  Following the procedure outlined by Schindler (ref. 4), 
the corresponding (mode-I) stress intensity values are plotted in Figure 21.  (Plane strain conditions were 
assumed.)  The KIrs values have neither an increasing or decreasing trend with respect to depth of cut, and 
having a typical value of KIrs = -0.2 MPa√m, where the negative value indicates a compressive crack-tip 
stress.  The contributions of the residual stresses to the crack-tip stress state are small.  This residual stress 
contribution will only influence mean-stress.  In other words, the actual Kmax value at the crack tip is 
slightly larger than applied, but the cyclic stress intensity factor (i.e., ∆K) is not affected by the residual 
stresses.  In the case of a constant-Kmax = 33.0 MPa√m test, the actual Kmax value would be approximately 
32.8 MPa√m (a decrease of 0.6%).   

Figure 20.  Back-face-strain versus EDM-cut-depth results are plotted. 
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Figure 21. Residual-stress-induced crack-tip stress intensity factors determined from compliance-cut test. 

Apparent Fracture Toughness Results3 

Following fatigue crack growth testing, specimens were loaded to failure in order to measure the 
relative material toughness.  Because these toughness tests were not performed in accordance with 
standard procedures for fracture toughness, the toughness values obtained may be of limited value.  
However, these data do permit a relative comparison of the weld metal and base metal properties.  
Specimens were pre-cracked at Kmax values no greater than 50% of the toughness values.  Toughness tests 
were performed in displacement control and specimens were loaded at a rate of 1.27 mm/minute (0.05 
inch/minute).  In all cases, specimens exhibited ductile behavior such that specimens maintained a 
significant load-carrying capability following the peak load. 

The results of the toughness tests are shown in Figure 22a.  Because these values were determined 
from non-standard test procedures, it is more useful to consider the reduction in toughness relative to the 
base metal value.  The normalized toughness values are plotted in Figure 22b.  The base metal specimens 
for both alloys produced the highest toughness values, and the toughness values decreased for starter 
notch locations closer to the weld center.  In other words, the specimen with the starter notch in the center 
of the weld nugget resulted in the lowest toughness value.  By comparing the two alloys, it appears that 
the toughness of Inconel 718 is most affected by the weld, i.e., the weld metal specimen of Inconel 718 
exhibited a toughness of only 46.2% of the base metal while the corresponding CRES 321 value was 
69.3% of the base metal value.  However, the absolute toughness of Inconel 718 base metal is 
approximately 50% greater than the CRES 321, so both alloys have nearly the same absolute value of 
toughness at the weld center (Kapp = 79 MPa√m).  Based on these results, the toughness advantage of 
Inconel 718 would likely be nullified by the weld repair process.   

                                                           
3  Here an apparent fracture toughness (Kapp) determination was conducted.  Strict linear-elastic fracture criteria 

could not be maintained, thus the apparent toughness values should be used for relative comparisons only. 
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Figure 22.  Apparent toughness values for both alloys are shown for cryogenic test temperature (-196oC).  (a) 
Absolute values.  (b) Values normalized with base metal toughness.  

Summary 

A series of fatigue crack growth tests were conducted to characterize the crack growth rate properties 
of Inconel 718 and CRES 321 sheet that were welded by the MSFC repair process.  Carefully chosen 
constant-Kmax FCG tests were used to obtain intrinsic (closure-free) crack growth data.  Fatigue crack 
growth was conducted at room and cryogenic (-196oC) temperatures.  Inconel 718 welds exhibited lower 
crack growth rates compared to the base metal, for both ambient and cryogenic temperatures.  Welded 
CRES 321 specimens were found to have slightly higher crack growth rates (relative to the base metal) at 
ambient temperature. At cryogenic temperature, CRES 321 parent and welded materials exhibited similar 
fatigue crack growth rates.  A compliance-cut method was used to assess the influence of weld residual 
stress on crack-tip driving force.  For cracks propagating at the weld/HAZ boundary and oriented parallel 
to the direction of the weld, results indicated that residual stresses are compressive and small, resulting in 
a small reduction in crack-tip stress intensity (KIrs = -0.2 MPa√m).  It should be noted that additional 
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testing would be required to quantify the effects of residual stress.  Experimental results show that the 
FCG characteristics are not significantly affected by residual stresses, but the hardness data for welded 
Inconel 718 show a significant reduction in hardness, relative to the base metal, suggesting that 
mechanical properties are likely affected.  Toughness testing of the weld repair region suggests that the 
fracture properties of both Inconel 718 and CRES 321 are reduced compared to the parent material.   
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